Objective-To determine whether either of two mechanical theories predicts the topographic pattern of neuropathology in cervical spondylotic myelopathy (CSM). The compression theory states that the spinal cord is compressed between a spondylotic bar anteriorly and the ligamenta flava posteriorly. The dentate tension theory states that the spinal cord is pulled laterally by the dentate ligaments, which are tensed by an anterior spondylotic bar. Methods-The spinal cord cross section, at the level of a spondylotic bar, is modelled as a circular disc subject to forces applied at its circumference. These forces differ for the two theories. From the pattern of forces at the circumference the distribution of shear stresses in the interior of the disc-that is, over the transverse section of the spinal cord-is calculated. With the assumption that highly stressed areas are most subject to damage, the stress pattern predicted by each theory can be compared to the topographic neuropathology of CSM. Results-The predicted stress pattern of the dentate tension theory corresponds to the reported neuropathology, whereas the predicted stress pattern of the compression theory does not. Conclusions-The results strongly favour the theory that CSM is caused by tensile stresses transmitted to the spinal cord from the dura via the dentate ligaments. A spondylotic bar can increase dentate tension by displacing the spinal cord dorsally, while the dural attachments of the dentate, anchored by the dural root sleeves and dural ligaments, are displaced less. The spondylotic bar may also increase dentate tension by interfering locally with dural stretch during neck flexion, the resultant increase in dural stress being transmitted to the spinal cord via the dentate ligaments.
less. The spondylotic bar may also increase dentate tension by interfering locally with dural stretch during neck flexion, the resultant increase in dural stress being transmitted to the spinal cord via the dentate ligaments.
Flexion of the neck increases dural tension and should be avoided in the conservative treatment of CSM. Both anterior and posterior extradural surgical operations can diminish dentate tension, which may explain their usefulness in CSM.
The generality of these results must be tempered by the simplifying assumptions required for the mathematical model. I have developed a model of the spinal cord that allows calculation of the pattern of stresses in the cross section of the cord at the level of an anterior spondylotic bar. The purpose of this paper is to present these calculations and to compare the predicted stresses with the topography of the neuropathological damage. In this manner it should be possible to decide whether one, both, or none of the mechanical theories should be accepted.
Methods
The spinal cord at the level of a spondylotic bar is modelled as a circular disc subject to forces applied at its circumference. The location and nature of these forces differ in the two mechanical theories. Both have in common an anterior compressive force produced by the spondylotic bar. The first theory (fig 2A) postulates bilateral posteriorly applied compressive forces directed anteriorly and slightly medially, produced by the ligamenta flava. The second theory ( fig 2B) postulates laterally applied tensile forces directed laterally and slightly anteriorly, produced by the dentate ligaments. These two different patterns of applied force will produce two different distributions of stress in the spinal cord cross section.
The stress at any point in the disc can be resolved into two parts: a uniform pressure or tension and a pure shear. Because nervous tissue is relatively incompressible, little harm is caused by changes in the uniform pressure. '4 It is the shear stress, which causes distortion or deformation of nerve tissue, that results in tissue damage. '5 In an isotropic medium the distribution of damage should correspond to the topographic distribution of the shear stresses. Each mechanical theory predicts a specific distribution of shear stresses over the involved cross section of the spinal cord. A comparison of the predicted distributions with the neuropathological data may therefore be a test of the theory's validity.
The stresses are calculated as follows ( fig  2G) : (1) A coordinate system is established with the origin at the centre of the circular spinal cord cross section. The x axis is positive anteriorly, and they axis is positive to the right. (2) The locations of the forces at the circumference are specified in terms of their x-y coordinates. The direction of each force is designated by the angle it makes with the x axis. The magnitudes of the forces are constrained by the requirements of mechanical equilibrium. Specifically: f represents one element of the distributedforce F,, r is the radial distance from the point of application off to the point (x, y), represented by the small circle, a is the angle between r and the direction off, and is the angle between the direction off and the tangent to the disc at the point of application off The small triangle surrounding (x, y), with one side parallel to r, a second side perpendicular to r, and a third side parallel to the x axis, is used to calculate ay and T-r from ur and is reproduced with these stresses illustrated at the upper right. Another triangle, with the third side parallel to the y axis, is used to calculate ax and is shown at the lower right.
(a) In both models (fig 2A, B For the ith force, the normal stress in the x direction, url, the normal stress in the y direction, cr, and the shear parallel to the axes in the x-y plane, rixy, at the point (x, y), can now be obtained by summation over the index j. Finally, the maximum shear stress rm,, at the point (x, y) can be calculated:
Tmax= ( 2 xy2 (4) Tmax is determined for each point of the circular cross section. Tmn,x can then be plotted across the disc by converting the value at each point to a value on a grey scale to facilitate comparison with the neuropathological data. The above calculations were performed and the graphs plotted on a Macintosh Quadra 800 computer using the Matlab software system. 17 Results Figure 3A shows the topography of maximum shear predicted by the compressive theory. The greatest stresses cut two linear swaths that run predominantly in an anteroposterior direction, from the ligamenta flava posterolaterally to the spondylotic bar anteriorly. To either side-the central portion of the cord medially and the lateral columns laterally-the stress is intermediate in magnitude. Of note, the most lateral portions of the lateral columns are relatively free of stress. Figure 3B shows the topography of maximum shear predicted by the theory of dentate ligament tension. The greatest stresses lie along a transverse line extending from one dentate ligament to the other. Along this line the stresses are considerably greater laterally than medially. Thus the lateral columns are subjected to the most stress, especially their most lateral portions, whereas the intermediate portions of the grey matter and the ventral (fig 1) and the spatial distribution of stresses predicted by the dentate tension hypothesis (fig 3B) . By contrast, there is very little correspondence with the stresses predicted by the compression hypothesis ( fig 3A) . All neuropathological studies agree that the lateral columns are most vulnerable to damage, especially the most lateral portions. In the dentate tension model the lateral portions of the lateral columns are the most highly stressed regions, whereas in the compression model these regions sustain relatively little stress. As the disease process becomes more severe, the neuropathology extends medially to involve the spinal grey matter and the ventral portions of the posterior columns. In both models these regions are subject to intermediate levels of stress. The neuropathological studies also agree that even in advanced CSM the anterior columns and the posterior portions of the posterior columns remain relatively free of disease. In the dentate tension model these areas are relatively free of stress, whereas in the compression model the anterior columns are subject to considerable stress.
THE DENTATE TENSION HYPOTHESIS
The present model of increased dentate tension was designed to test the hypothesis of Kahn, 5 in which the primary pathogenetic event is stretching of the dentate ligaments as a result of posterior displacement of the spinal cord by a spondylotic bar. The stretching occurs because the dural attachment of the ligaments remains fixed, anchored by the dural root sleeves which resist displacement of the dural sac.
Several experimental studies, in both human cadavers and in animals, have considered the questions of whether the dentate ligaments constrain posterior displacement of the spinal cord within the dural sac'8 20 and whether the nerve root sleeves anchor the dural tube to provide a fixed point for the dentate ligaments to act. '9 21 The results of these studies can be synthesised and understood only by taking into account the degree of flexion-extension of the spine. In extension the dura, the dural nerve root sleeves, and the dentate ligaments are slack. The root sleeves do not hold the dura forward, and the dentate ligaments do not prevent posterior displacement of the spinal cord within the dural sac. In flexion, however, the spinal canal lengthens and the dura is stretched. The dural root sleeves may also become taut and anchor the dural tube. Dural tension is transmitted to the dentate ligaments, which stretch the spinal cord axially and resist posterior displacement of the cord within the dural tube.
There is another means by which dentate ligament tension can be increased, to which the results of our model also apply. Any increase in longitudinal tension in the dura is transmitted to the spinal cord as an increase in both longitudinal and radial tension, because the dentate fibres run mediolaterally as well as rostrocaudally. Tencer et al 21 found that although the elastic properties of the dura were uniform throughout its length, the degree of dural stretch during flexion of the spine was much greater in the cervical than in the thoracic and lumbar regions. This difference in longitudinal stretch was independent of any tethering effects of the dural root sleeves or ligaments, because it persisted when the nerve roots and ligaments were cut. Tencer et al speculated that friction between the dura and the anterior surface of the thoracic spinal canal may interfere with stretching of the dura and increase the tension more rostrally. Reid'9 suggested that similar frictional effects may apply to flexion in the presence of a localised spondylotic protrusion. Adams and Logue22 showed a localised increase in dural stretch adjacent to a point of dural fixation in human cadavers. The increased dural tension could be transmitted to the spinal cord through the dentate ligaments. Thus the primary pathogenetic event need not be direct pressure of the spondylotic bar on the spinal cord, but rather interference with dural stretch during flexion.
Either of these mechanisms of dentate ligament stress can explain two additional neuropathological features of CSM. Firstly, the pronounced flattening of the spinal cord in the anteroposterior dimension at the level of the spondylotic bar is probably produced by the transmission of increased lateral and longitudinal tension from the dentate ligaments to the spinal cord. Because nervous tissue is relatively incompressible the resulting longitudinal and transverse elongations will be accompanied by a compensatory contraction in the remaining anteroposterior dimension. Secondly, thickening and fibrosis have been described in the dentate ligaments, in the dura, and in the dural root sleeves.'0 1123 Such fibrosis probably represents a physiological response to chronically raised levels of stress in these tissues.20 VASCULAR 
THEORIES
The close correspondence between the predicted pattern of shear stress and the topography of the spinal cord pathology eliminates the need to postulate a separate vascular hypothesis. Ironically, Kahn,5 who first postulated the dentate tension hypothesis, gave impetus to nonmechanical hypotheses by presenting an erroneous stress analysis, in which a main "pressure wave" involved the anterior columns in addition to other pressure waves involving the lateral columns. It is highly likely that this error was caused by failing to represent the force exerted by the disc as distributed over the anterior part of the circumference of the cord and instead representing the force as localised to a single point or a highly concentrated region. When the force is represented correctly as distributed, the anterior pressure wave disappears and the anterior columns remain unstressed, corresponding to their being spared neuropathologically.
There is little or no supportive evidence for most of the vascular hypotheses. Neuropathology studies have rarely if ever reported occluded vessels. The restricted longitudinal distribution of the spinal cord damage is evidence against occlusion of a vertebral artery or one of its major radicular vessels. The topography of the damage in the cross section at the level of the spondylosis is evidence against occlusion of the anterior spinal artery, because the anterior columns are spared. Neither is the topography of damage consistent with the hypothesis of venous congestion leading to infarction. The slowly progressive evolution of CSM, often over many years, is also difficult to explain on a vascular basis, as is the not infrequent improvement after decompressive surgery.
A mechanical hypothesis, however, can be consistent with one spine. Yet the reported benefits of laminectomy are not clearly worse than those of anterior surgery.29 30 There are several possible explanations for the beneficial effects of laminectomy. Firstly, facetectomy is often performed with laminectomy and seems to improve outcome." 32 Facetectomy releases the tethering of the dural sac by the dural root sleeves in the foramina, removing the fixed point against which the dentate ligaments can be stretched. It has also been suggested33 that facetectomy reduces the support of the posterior elements of the spine, thus tipping the vertebrae into extension, releasing tension in the dura and the dentate ligaments. However, similar benefit can result from extensive laminectomy without facetectomy.'4" After extensive unroofing of the cervical spinal canal the posterior dura bulges dorsally into the site of decompression, and gas myelography shows that the cervical spinal cord has a milder lordotic curve and courses more posteriorly within the dural sac, no longer in contact with the spondylotic bar.2936 Because the anterior dura is anchored to the anterior wall of the spinal canal, dorsal migration of the posterior dura must be accompanied by a decrease in the transverse dimension of the dural sac if intradural volume remains constant. This decrease in width will relax the dentate ligaments. However, the posterior bulging of the dural tube may also reflect increased filling with CSF." Even so, dorsal migration of the posterior dura will displace the dural attachments of the dentate ligaments somewhat posteriorly. The posterior dura will have a straighter course and may need to develop less tension during neck flexion. In addition the extensive posterior scar that eventually develops may serve to limit flexion of the cervical spine and thus any remaining stresses on the dura. Like the anterior approach, extensive laminectomy fails in a minority of cases, possibly because the posterior scar may tighten, compress the dura during neck flexion,'7 and increase the tension in the dentate ligaments.
Although the most direct surgical approach to relieving excessive tension in the dentate ligaments may be to open the dura and to section the ligaments, intradural operations result in more extensive adhesions, often involving the spinal cord itself.38 Several studies have failed to show an advantage to intradural section of the dentate ligaments,3" 3639 and the procedure has largely been abandoned. It seems that it is possible to relax the excessive tension in the dentate ligaments with either an anterior or a posterior approach that remains extradural.
